To compare the diagnostic abilities of swept-source optical coherence tomography (OCT) [Deep Range Imaging OCT-1 (DRI-OCT)] and spectral-domain OCT (Cirrus HD-OCT) for glaucoma in Korean adults. Materials and Methods: This retrospective study involved measuring peripapillary retinal nerve fiber layer (PP-RNFL) thickness, full macular thickness, and ganglion cell-inner plexiform layer (GC-IPL) thickness on two different OCT systems. We used threedimensional optic disc scanning of DRI-OCT and included 12 clock-hour sectors for measurement of the PP-RNFL. Areas under receiver operating characteristic curves (AUCs) were calculated and compared to determine how well each system could distinguish control and glaucomatous patients. Results: Ninety-one healthy and 58 glaucomatous eyes were included. Both systems could clearly distinguish between control eyes and eyes with moderate to severe glaucoma. Among all sectors, the AUC values of areas associated with glaucoma were >0.7 for both OCTs. The PP-RNFL sector of highest AUC value on both OCTs was the inferior sector of the clock-hour map (0.968 and 0.959 in DRI-OCT and Cirrus HD-OCT, respectively). Among macular thickness sectors, AUC values were highest on both OCTs for the outer inferior sector (0.859 and 0.853 in DRI-OCT and Cirrus HD-OCT, respectively). The GC-IPL also provided high diagnostic values (DRI-OCT and Cirrus HD-OCT were the best in the average and inferior sectors, respectively). Conclusion: Although the two OCT systems provided different thickness measurements, DRI-OCT exhibited as good, if not better, diagnostic ability for glaucoma as Cirrus HD-OCT in Korean adults.
INTRODUCTION
Glaucoma is a disease that leads to blindness, and early diagnosis is important to maintain vision. Because glaucoma patients do not experience the subjective symptoms of glaucomatous visual field loss or visual damage until the disease has progressed to an advanced stage, the role of ophthalmic examinations for measurement of retinal nerve fiber layer (RNFL) thickness or visual field is important for ensuring timely diagnosis. Optical coherence tomography (OCT) is a well-known modality providing objective evaluation of structural alterations in the optic nerve head or macular area. [1] [2] [3] The development of OCT from time-domain OCT to spectral-domain OCT has increased the resolution and acquisition speed of OCT images, as well as the accuracy of glaucoma diagnosis. 4, 5 Recently, swept-source OCT, a new OCT system with a novel light source and detector, has been introduced. This device uses a 1050-nm tunable light source with narrow line width and a simply designed light detector. The long-wave light source allows for the identification of the deep retinal structure. In addition, a large covering range (from the macula to the optic disc) can be obtained using the wide scanning mode, with a scanning speed up to 100000 A-scans/s. We previously compared swept-source OCT and spectral-domain OCT in terms of artifact type and frequency in source data and final Diagnostic Ability of Swept-Source and Spectral-Domain Optical Coherence Tomography for Glaucoma print out, 6 and measured repeatability and agreement between the two types of OCT. 7 From these studies, we verified that swept-source OCT provides results that are sufficiently reliable to be used in clinical practice. Determining the diagnostic ability of swept-source OCT for glaucoma was the next step, and several studies were conducted to compare the diagnostic ability between spectral-domain OCT and sweptsource OCT. [8] [9] [10] [11] However, most studies used Spectralis OCT (Heidelberg Engineering, Heidelberg, Germany) as spectral-domain OCT. [9] [10] [11] Only one study used Cirrus HD-OCT (Carl Zeiss Meditec, Inc., Dublin, CA, USA) with the wide angle mode of swept-source OCT to measure the thickness of macular or peripapillary area in a non-Asian population. 8 Therefore, in the present study, we compared the diagnostic ability of swept-source OCT [Deep Range Imaging OCT-1 (DRI-OCT), software version 9.1.2.28693, Topcon, Tokyo, Japan] and spectral-domain OCT (Cirrus HD-OCT, software version 6.0.2.81) for glaucoma in the adult Korean population using wide-angle and three-dimensional (3D) optic disc protocols for DRI-OCT.
MATERIALS AND METHODS
This study was approved by the Institutional Review Board of Yonsei University Severance Hospital (Reference No. 4-2017-0112). All conducted research adhered to the tenets of the Declaration of Helsinki, and informed consent was obtained. All subjects were examined at the glaucoma clinic of the Department of Ophthalmology at Severance Hospital, Yonsei University School of Medicine in Seoul, Korea. We reviewed the medical records of 185 normal and primary open angle glaucoma (POAG) subjects for whom peripapillary retinal nerve fiber layer (PP-RNFL), ganglion cell-inner plexiform layer (GC-IPL), and macular thickness measurements were obtained using both DRI-OCT and Cirrus HD-OCT on the same day, between June and December 2014. All subjects underwent ophthalmic examinations to evaluate Snellen bestcorrected visual acuity, refractive spherical equivalent, and intraocular pressure using Goldmann applanation tonometry. IOL Master (Carl Zeiss Meditec AG, Jena, Germany) and ultrasonic pachymetry (DGH-1000; DGH Technology, Inc., Frazer, PA, USA) were used to measure axial length and central corneal thickness, respectively. RNFL defect and optic disc evaluation were performed using a +90 diopter lens and a red-free photograph (VISUCAM 200; Carl Zeiss Meditec AG). To screen POAG, a visual field test (24-2 Swedish Interactive Threshold Algorithm, Humphrey Visual Field Analyzer; Carl Zeiss Meditec, Inc., Dublin, CA, USA) was conducted. All examination results were reviewed by two glaucoma specialists (S.Y.L. and H.W.B.) to recheck the diagnosis results of medical records. Another glaucoma specialist (C.Y.K.) confirmed medical records again, if there was a disagreement.
Subjects
A group of normal patients was included in the study to serve as a control group. All control subjects were at least 19 years of age and had a best-corrected visual acuity of 20/25 or better. Only individuals with a normal fundus, intraocular pressure < 21 mm Hg, and normal visual field were included in the control group. The inclusion criteria for control group in this study were the same as those in a previous study, 7 since the current study was conducted as a follow-up to the previous study. Subjects were excluded from participation if they had an spherical equivalent larger than ±5 diopter, a cylindrical refractive error larger than 3 diopter, an axial length longer than 26.5 mm, any type of cataract more severe than a Grade 3 (Lens Opacities Classification System III 12 ), a pre-existing optic nerve or retinal abnormality, a systemic or ocular condition associated with visual field defects, previous intraocular surgery, or glaucomatous changes discovered during study assessments. Subjects showing an image quality score of DRI-OCT <60 or signal strength of Cirrus HD-OCT <6 were also excluded.
Subjects placed into POAG study groups had glaucomatous optic nerve head changes related to a visual field defect that satisfied at least two Anderson and Patella criteria with open angle structure. These patients had undergone at least three visual field tests, demonstrating a visual field defect in at least three tests. Glaucoma patients were classified as either early or moderate-to-severe according to the Hodapp-Parrish-Anderson criteria. 13 Inclusion criteria regarding age and vision and exclusion criteria regarding refractive error, cataract status, medical history, and OCT quality score were identical to those used for the control group. In addition, other types of glaucoma were also excluded. For glaucomatous subjects, the eye with a more severe glaucoma status was chosen as the study eye. If subjects had a similar glaucoma severity in both eyes, the study eye was randomly selected. For subjects with normal eyes, the study eye was also randomly selected.
Thickness measurements using optical coherence tomography
For Cirrus HD-OCT scans, the optic disc cube 200×200 and macular cube scan 512 A-scans×128 B-scans protocols were used to measure PP-RNFL, macular, and GC-IPL thickness. To measure PP-RNFL thickness from Cirrus HD-OCT scans, a scan circle of 3.46 mm in diameter was used. The 3D optic disc and wide scan protocols were used to measure PP-RNFL, macular, and GC-IPL thickness using DRI-OCT. The 3D optic disc scan is comprised of 512 A-scans×256 B-scans covering a 6×6 mm square area centered on the optic disc. Data along a scan circle of 3.4 mm in diameter was used to evaluate PP-RNFL thickness. The 3D wide scan images a 12×9 mm rectangular area centered between the optic disc and the fovea. The final scan is composed of 512 A-scans×256 B-scans. This wide scan was used to evaluate macular and GC-IPL thickness.
A total of 17, 10, and seven retinal sectors were investigated for PP-RNFL, macular, and GC-IPL evaluations, respectively. All thickness data were obtained using the automated segmentation algorithms of each OCT device. The PP-RNFL measurements were obtained by measurements in four and 12 sectors ( Fig. 1A and B, respectively). To classify measurement areas, quadrant PP-RNFL sector names were started with the number 4 and 12 clock hour sector names were started with the number 12. The macular thickness was obtained in each of the nine Early Treatment Diabetic Retinopathy Study (Fig. 1C) sectors. The diameters of three concentric circles that make up the Early Treatment Diabetic Retinopathy Study sector grid were 1, 3, and 6 mm. The GC-IPL was measured in each of six sectors (Fig. 1D ). With these sectorial thicknesses, the average thickness of the total measurement area was also obtained for PP-RNFL (PP Aver), macular (Macular Aver), and GC-IPL (GC-IPL Aver) evaluations.
Statistical analyses
All statistical analyses were performed using SAS statistical software (version 9.2; SAS Inc., Cary, NC, USA). Data were compared between study groups using analysis of variance and chi-squared tests. The predictive power for glaucoma was compared between the two OCT systems using the receiver operating characteristic (ROC) curve. Areas under ROC curves (AUCs) were calculated and compared among control, early glaucoma, and moderate-to-severe glaucoma groups using the Delong method. 14 Statistical significance was defined as p< 0.05.
RESULTS
Among 185 subjects, 36 subjects were excluded. Among the excluded subjects, 18 subjects had a false diagnosis, and 11 subjects showed low OCT image quality. Finally, 91 eyes of 91 subjects were normal and 58 eyes of 58 subjects were glaucomatous. Of the 58 glaucomatous eyes, 32 had early disease and 26 had moderate-to-severe disease. Table 1 summarizes the subject characteristics. None of the study groups showed significant differences in any systemic or ocular characteristic, with the exception of the visual field mean deviation.
Thickness comparison among control and study groups in each OCT system
All measurement sectors showed significant thickness differences among control, early glaucoma, and moderate-to-severe glaucoma patients, except for four sectors in DRI-OCT measurements and nine sectors in Cirrus HD-OCT measurements ( Table 2 ). The sectors that did not show any significant differences were areas of low importance in the diagnosis of glaucoma. Additionally, each retinal layer was thickest in control eyes and thinnest in the moderate-to-severe glaucoma eyes in every sector examined, even in sectors where there were no significant differences.
Comparison of glaucoma discrimination ability
To determine how effectively each OCT system discriminated between normal and glaucomatous eyes, AUC values were examined in each sector ( curves for sectors of PP Aver, Macular Aver, and GC-IPL Aver are presented). In most sectors, the highest AUC value was obtained with both OCT data when the control and moderate-tosevere glaucoma groups were compared. PP-RNFL measurements revealed three sectors (4 nasal, 12 superior, and 12 nasosuperior) that had significantly different AUC values between the two OCT systems for control versus early glaucoma comparisons ( .001 SD, standard deviation; E, early glaucoma; MS, moderate to severe glaucoma; PP-RNFL, peripapillary retinal nerve fiber layer thickness; PP Aver, average PP-RN-FL; MT, macular thickness; MT Aver, average MT; GC-IPL, ganglion cell-inner plexiform layer thickness; GC-IPL Aver, average GC-IPL; S, superior; N, nasal; I, inferior; T, temporal; SN, superonasal; NS, nasosuperior; N, nasoinferior; IN, inferonasal; IT, inferotemporal; TI, temporoinferior; TS, temporosuperior; ST, superotemporal; Out S, outer superior; Out N; outer nasal; Out I, outer inferior; Out T, outer temporal; In S, inner superior; In N, inner nasal; In I, inner inferior; In T, inner temporal; TS, temporosuperior; NI, nasoinferior. *ANOVA test was used for statistical analyses.
when the control and moderate-to-severe glaucoma groups were compared ( under the receiver operating characteristic curve; PP-RNFL, peripapillary retinal nerve fiber layer thickness; PP Aver, average PP-RNFL; MT, macular thickness; MT Aver, average MT; GC-IPL, ganglion cell-inner plexiform layer thickness; GC-IPL Aver, average GC-IPL; S, superior; N, nasal; I, inferior; T, temporal; SN, superonasal; NS, nasosuperior; N, nasoinferior; IN, inferonasal; IT, inferotemporal; TI, temporoinferior; TS, temporosuperior; ST, superotemporal; Out S, outer superior; Out N, outer nasal; Out I, outer inferior; Out T, outer temporal; In S, inner superior; In N, inner nasal; In I, inner inferior; In T, inner temporal; TS, temporosuperior; NI, nasoinferior. *Delong method was used for statistical analyses. ral and inferotemporal directions, which were important area for glaucoma diagnosis, showed AUC values >0.7 or >0.8 in both OCT devices.
AUC values for macular thickness differed significantly between OCT systems in four sectors (Tables 3 and 4) . These included the outer nasal sector in the control versus early glaucoma comparison (p=0.006), the inner temporal sector and outer temporal sectors in the control versus moderate to severe glaucoma comparison (p=0.015 and p=0.043, respectively), and the outer temporal sector in the early glaucoma versus Fig. 2 . Receiver operating characteristics curve of average peripapillary retinal nerve fiber layer thickness (A), macular thickness (B), and ganglion cell-inner plexiform layer thickness (C) measurements made with two optical coherence tomography (OCT) modalities (DRI-OCT and Cirrus HD-OCT) between control and early glaucoma. Sector GC-IPL AUC measurements revealed four sectors with statistically significant differences between OCT modalities (Tables 3 and 4 ). The DRI-OCT AUC was significantly higher than the Cirrus HD-OCT AUC in the nasoinferior sector for the control versus early glaucoma comparison (p=0.017). However, the Cirrus HD-OCT AUC was significantly higher than Fig. 4 . Receiver operating characteristics curve of average peripapillary retinal nerve fiber layer thickness (A), macular thickness (B), and ganglion cell-inner plexiform layer thickness (C) measurements made with two optical coherence tomography (OCT) modalities (DRI-OCT and Cirrus HD-OCT) between early and moderate to severe glaucoma. the DRI-OCT AUC in the inferior sector for the control versus moderate to severe glaucoma comparison (p=0.002) and in the nasoinferior, inferior, and temporoinferior sectors for the early glaucoma versus moderate to severe glaucoma comparison (p=0.024, p=0.001, and p=0.002, respectively).
DISCUSSION
In a previous study, 7 we assessed the repeatability and agreement of measurement results between DRI-OCT and Cirrus HD-OCT in normal eyes. According to the previous study, each OCT system showed different thickness values in the same measurement sector. PP-RNFL thickness obtained by DRI-OCT was larger than that obtained by Cirrus HD-OCT. However, GC-IPL thickness as measured by Cirrus HD-OCT was larger than that measured by DRI-OCT. These two OCT systems showed excellent repeatability in all measurement areas for normal subjects. Although the present study measured thickness for glaucoma patients, we expected that the repeatability of measurements for each OCT system would be maintained. In addition, as we discussed in the aforementioned study, 7 differences in thickness values between two OCT systems within same subjects might be attributed to differences in segmentation algorithm, measurement diameter, or light source. Even though there were differences between the thicknesses measured using the two OCT systems, their abilities to discriminate between normal and glaucomatous eyes using PP-RNFL, total macular, and GC-IPL thickness sector measurements were similar between two OCT devices in the present study. These results corroborate the results of recent studies showing similar abilities of DRI-OCT and spectral-domain-OCT to detect glaucomatous damage. [8] [9] [10] [11] However, unlike a previous study, 8 we used 3D optic disc scanning of DRI-OCT for the measurement of PP-RNFL thickness. The wide scan mode of DRI-OCT, another scanning protocol used in previous studies, includes the area from the optic disc to the macula. Therefore, PP-RNFL thickness can be measured using the wide scan mode, and the measurements obtained are similar to those obtained using Cirrus HD-OCT optic disc scan. 8 However, they showed different thickness values from those obtained using the 3D optic disc scan in DRI-OCT. 9 In addition, regarding the shape of the scan area, 3D optic disc scan is more similar to the Cirrus HD-OCT than it is to the wide scan. Therefore, it is more reasonable to compare the PP-RNFL thicknesses obtained using the 3D optic disc scan in DRI-OCT and that in Cirrus HD-OCT. Another novel feature of our study was that we investigated sectoral PP-RNFL thickness not only in the 4 clock-hour sector but also in the 12 clockhour sector. According to our data, average, superior, and inferior sectors of the peripapillary area showed high glaucoma diagnosis ability in both OCT modalities regardless of glaucoma severity. A thick RNFL bundle of vertical sectors explains the easier detection of RNFL change in the superior and inferior sectors. 15 This result is in line with those of previous studies that used time-domain OCT and/or spectral-domain OCT. [15] [16] [17] [18] The macular area is another critical location for the diagnosis or follow-up of glaucoma because it is relatively free from confounding factors that can affect interpretation of the results, such as peripapillary atrophy, alignment of the measurement circle around the optic disc, and variable retinal vasculature. 19 The usefulness of full retinal thickness of the macular area for glaucoma detection has been shown in previous studies. [20] [21] [22] In addition, considering the importance of inner retinal layers in glaucomatous damage, it is thought that change in GC-IPL thickness is more related with glaucomatous damage. 15, 23, 24 In the present study, we could verify that both full macular thickness and GC-IPL thickness show good diagnostic ability for glaucoma. In particular, the high discriminative ability in the outer sectors for full macular thickness is consistent with the results obtained in previous studies. 22, 25 Inner sectors of macular area are related with papillomacular fibers. Because these fibers get damaged later, the outer sectors are affected by glaucomatous change of the superior or inferior arcuate fibers in the early stage of glaucoma.
Our study results reflect the spatial distribution of nerve fibers. Hood, et al. [26] [27] [28] investigated the correspondence between functional and anatomical findings in the macula and peripapillary area using OCT and visual field test. They found that optic disc location affected how these corresponded. 27 Because the optic disc is located above the horizontal line that passes through the foveal center, inferior macular ganglion cells project to the inferotemporal and inferior optic disc margins. However, superior and nasal macular ganglion cells project to the temporal optic disc margin. This positional relationship was also identified in our study. Macular sectors with high discriminative abilities with both OCT systems were spatially wellmatched with peripapillary sectors.
As in previous studies, discriminative ability was associated with glaucoma severity. 1, 29, 30 Among the three comparisons made in our study, the control versus moderate to severe glaucoma comparison had the largest AUC values in almost all peripapillary and macular measurement sectors examined. The control versus early glaucoma comparison tended to have higher AUC values than the early glaucoma versus moderate to severe glaucoma comparison, although this difference was not remarkable. Nouri-Mahdavi, et al. 30 investigated how well GC-IPL measurements can detect early glaucoma relative to RNFL measurements in the Cirrus HD-OCT. They showed that GC-IPL measurements have comparable glaucoma detection abilities to those found for PP-RNFL. Additionally, it was verified that inferior sectors within the PP-RNFL and GC-IPL measurement areas had the best glaucoma detection abilities. Our study also showed that inferior sector PP-RNFL and GC-IPL measurements are effective in distinguishing glaucomatous eyes from normal eyes. Interestingly, there were significant differences in inferior sectors for GC-IPL (inferior sector in control versus moderate to severe glaucoma and nasoinferior, inferior, and temporoinferior in early glaucoma versus moderate to severe glaucoma comparisons), where Cirrus HD-OCT AUC values were high. Further research is required to determine the clinical significance of our results. Our study had several limitations. A larger group of glaucomatous eyes would have allowed us to have more subgroups based on glaucoma severity. Additionally, prospective longitudinal studies should be conducted to examine how OCT systems can be used to detect glaucoma progression.
In conclusion, both OCT systems had similar abilities to discriminate between normal and glaucomatous eyes in critical thickness measurement sectors for glaucoma diagnosis for the adult Korean population, even though the 3D optic disc scan of DRI-OCT was used to measure PP-RNFL thickness. Together with the results of previous studies performed on other ethnic groups, our results verify the usefulness of DRI-OCT in diagnosis of glaucoma in comparison with Cirrus HD-OCT.
